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Summary 
We examined in vitro collagen biosynthesis by organ cultures from human fetal epiphyseal growth plate cartilage. The 
biosynthetic products were characterized byNaCl fractional precipitation, limited proteolytic digestion, and sodium 
dodecyl sulfate,polyacrylamide slab gel electrophoresis. Organ cultures of human fetal epiphyseal growth plate 
cartilage synthesized large amounts of type X collagen in addition to type H, type IX, and type XI collagens. The 
individual polypeptide chains of human type X collagen migrated with an apparent M r of 45 kDa after proteolytic 
digestion with pepsin. The migration pattern of these molecules did not change when examined under reducing and 
nonreducing conditions, indicating that they did not contain intrahelical disulfide bonds. Comparison of the rates at 
type X collagen biosynthesis atweeks 20 and 24 of human fetal development showed a marked increase of 24 weeks. 
Northern hybridization analysis of total RNA from freshly isolated epiphyseal growth plate'chondrocytes with a cDNA 
corresponding to the carboxyl terminus of human type X collagen indicated that the developmental increase of type 
X collagen production is determined by pre-translational mechanisms. 
Introduction 
THE EPIPHYSEAL growth plate is a specialized form 
of hyaline cartilage which is responsible for the 
longitudinal growth of bone through the process 
of endochondral ossification. The growth plate 
can be divided into distinct zones based upon their 
unique morphologic appearance and function 
[1, 2]. The zone of hypertrophic cartilage is 
where mineralization and vascularization of the 
cartilage matrix occur before the invasion of osteo- 
genic cells from the subchondral bone. As the 
small resting and proliferating chondrocytes 
evolve into large hypertrophic cartilage cells [3], 
they undergo important phenotypic hanges. One 
of the most dramatic changes is the initiation 
of expression of the low molecular mass type X 
collagen [4-7]. Other concomitant changes are 
increases in alkaline phosphatase activity [8] and 
the number of matrix vesicles [9], and the mineral- 
ization of the extracellular matrix surrounding 
hypertrophic chondrocytes [10], which~ will 
eventually be degraded, removed, and replaced by 
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bone. The mechanisms that regulate the pheno- 
typic changes in the expression of type X collagen 
appear to be under microenvironmental control 
[11]. 
Type X collagen is an important component of 
the extracellular matrix of the hypertrophic zone 
of the growth plate cartilage [4~, 12-17]. The type 
X collagen molecule is a homotrimer ~l(X)a of 
nonfibrillar nature. Each =I(X) chain consists of 
a pepsin-resistant collagenous domain, a long 
carboxy-terminal noneollagenous domain and a 
shorter amino-terminal domain [12, 18]. A phenom- 
enon unique to type X collagen is the variation 
between species with respect o the occurrence of 
disulfide bonds within the triple-helical domain. 
Chick [5, 6], rabbit [17] and human [19] type X 
collagens do not contain intrahelical disulfide 
bonds. In contrast, the bovine type X collagen 
contains intrahelical disulfide bonds [13, 14, 18]. 
Despite the studies on the characterization and 
immunoloealization f type X collagen [7, 20-22], 
its functional role(s) during chondroeyte hyper- 
trophy and endochondral ossification remains 
unknown. The purpose of the present study was to 
examine the biosynthesis and structure of human 
type X collagen and to investigate the expression 
of the corresponding gene in organ cultures from 
fetal human growth plate cartilage at two different 
stages of fetal development. 
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Methods  
ISOLAT ION OF  HUMAN FETAL  EP IPHYSEAL  GROWTH 
PLATE CARTILAGE 
The tissues were obtained from the International 
Institute for the Advancement of Medicine and 
Tissue Bank (Lionville, PA, U.S.A.), following pro- 
tocols reviewed and approved by the National 
Institutes of Health and in accordance with the 
National Organ Transplant Act. Human tibial epi- 
physeal growth plate cartilage from 20- and 24- 
week-old fetuses without metabolic/developmental 
abnormalities was carefully dissected from sur- 
rounding soft tissue. The reason for selecting these 
ages was the limited availability of tissue from 
older and/or younger fetuses from the tissue bank. 
Perichondrium was scraped off and the epiphyseal 
growth plate was separated from the bony 
metaphysis with a mild bending force. 
HISTOLOGY OF  EP IPHYSEAL  AND GROWTH PLATE 
CARTILAGE SECT IONS 
For histologic analysis, 1-mm-thick longitudinal 
sections of the tibia were cut and fixed in 10% 
buffered formalin, dehydrated in graded ethanol, 
then embedded in paraffin and sectioned to a thick- 
ness of 6 #m. The sections were stained with either 
hematoxylin and eosin or safranin O. 
COLLAGEN B IOSYNTHESIS  BY GROWTH PLATE 
CARTILAGE IN  ORGAN CULTURES 
The cartilage corresponding to the growth plate 
was finely minced with a scalpel until a uniform 
slurry was formed. Grossly equal aliquots of the 
slurry were incubated in duplicate at 37°C, in a 5~/o 
CO2 atmosphere in Eagle's Modified Essential 
Medium (MEM) containing 10~/o fetal calf serum 
(FCS), ascorbic acid (100#g/ml), fl-aminopropio- 
nitrile (2.5 mM), and 1~/o streptomycin and were 
labeled for 24h with 5.0#Ci/mlL-[U-14C] proline. 
EXTRACTION OF  NEWLY SYNTHESIZED COLLAGENS 
After labeling, the cartilage was homogenized 
with a Polytron homogenizer for 3 min in a buffer 
containing 1.0 M NaC1, 50 mM Tris-HC1 pH 7.4 and 
protease inhibitors (0.2 mM phenylmethylsufonyl 
fluoride, 5.0mM N-ethylmaleimide, and 1.0mM 
p-aminobenzamidine/HC1) at 4°C. Aliquots of the 
homogenates were assayed for DNA content by 
the spectrofluorometric method described by 
Labarca and Paigen [23]. The samples were sequen- 
tially extracted under nondenaturing conditions 
using the method of Bashey et al. [24]. The hom- 
ogenates were extracted with 1.0 M NaC1, 50ram 
Tris-HC1 pH 7.4 buffer followed by sequential ex- 
tractions with 0.5 M acetic acid and then pepsin 
(1 mg/ml) in 0.5 M acetic acid. The pepsin-resistant 
insoluble pellets were next extracted with 150 mM 
NaC1, 50 mM Tris-HC1 pH 7.4 buffer at 4°C~ contain- 
ing 20 mM dithiothreitol (DTT) and then pepsin 
(1 mg/ml) in 0.5 M acetic acid. All extractions were 
performed for approximately 24 h at 4°C. Aliquots 
from each extraction were taken and collagen 
content was determined by a collagenase digestion 
assay [25]. ~ Following centrifugation, the super- 
natants were removed and extensively dialysed 
against 150 mM NaC1, 50 mM Tris-HC1, pH 7.4. La- 
beled collagens were examined by sodium dodecyl 
sulfate-polyacrylamide slab gel electrophoresis 
(SDS-PAGE) under nonreducing and reducing 
conditions. 
FRACTIONAL PRECIP ITAT ION OF  THE 
EXTRACTED COLLAGENS 
The 1.0M NaC1 extracts were subjected to 
limited proteolytic enzyme digestion to cleave 
the collagens at nontriple helical domains and 
to remove noncollagenous proteins as described 
previously [15]. For this purpose, the 1.0 M NaC1 
extract was digested with pepsin (100pg/ml) 
(Worthington Biochemical Corporation, Freehold, 
NJ, U.S.A.) at 4°C for 16 h. The digested sample 
was pooled with the DTT extract, and the collagens 
present in the pooled sample were fractionally 
precipitated by dialysis against 0.5 M acetic acid 
containing increasing concentrations of NaC1 (0.8, 
1.2 and 2.2 M NaC1) as described by Shimokomaki 
et al. [26]. The precipitated collagens were removed 
by centrifugation and resuspended in appropriate 
buffers for subsequent analyses. 
GEL ELECTROPHORESIS  AND FLUOROGRAPHY 
The labeled collagens present in the extracts or 
in the samples isolated by fractional precipitation 
were examined by SDS PAGE on 8% polyacryl- 
amide gels under reducing conditions as described 
previously [15]. Following electrophoresis, the gels 
were processed for fluorography with EN3HANCE 
(New England Nuclear, Boston, MA, U.S.A.) and 
exposed to X-OMAT AR film (Eastman Kodak, 
Rochester, NY, U.S.A.). 
QUANTITAT IVE  ANALYS IS  OF  THE RELAT IVE  
PROPORTIONS OF  NEWLY SYNTHESIZED COLLAGENS 
The radiolabeled collagens present in each of the 
fractional precipitations were separated by SDS 
PAGE on 8% polyacrylamide gels under reducing 
conditions, visualized by fluorography, and 
quantified by densitometric analysis as descr ibed 
previously [15]. Identification of collagenous bands 
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was accomplished by comparing their electro- 
phoretic mobil/ties with those of standard collagen 
a-chains and by their susceptibility to digestion 
with bacterial collagenase (Advanced Biofactures, 
Lynbrook, NY, U.S.A.). The collagens fractionally 
precipitated with increasing NaC1 salt concen- 
tration under acetic conditions were analyzed and 
quantified densitometrically using slightly under- 
exposed fluorographs to assure linearity between 
the calculated areas and the absolute amount of 
radioactivity in each band [15, 27]. 
The relative proportions of type IX and type XI 
collagens were calculated as follows: for type IX 
collagen it was assumed that the prominent 69 kDa 
band, observed following the pepsinization/ 
reduction conditions used, represented one-third of 
the heterotrimeric type IX collagen molecules [28]. 
Therefore, the values obtained from densitometric 
scanning of the 69 kDa band were multiplied by 3 
to obtain an estimate of the relative proportion 
of triple helical type IX collagen. For type XI 
collagen, the values obtained from densitometric 
scanning of the well-separated and distinct a l(XI) 
and a2(XI) were summed and divided by 2 to 
estimate the amount of the a3(XI) band which 
co-migrated with the a l(II) chain. The values for 
the three chains were added to obtain the relative 
proportion of the triple helical type XI collagen. 
For type II collagen, the calculated value of the 
a3(XI) chain was subtracted from the densitomet- 
ric value of the co-migrating al(II) and a3(XI) 
chains. In this manner, any error introduced 
in these calculations would be a consistent and 
systematic one, because all samples were treated in 
an identical fashion. All values were expressed as 
percentages of the total signal in each sample. 
TWO-DIMENSIONAL GEL ELECTROPHORESIS 
Aliquots of the pooled pepsin-digested 1.0 M NaC1 
and the DTT extracts were dialysed extensively to 
allow renaturation of the disulfide bonds and were 
electrophoresed on the  first dimension on 8% 
acrylamide gels under nonreducing conditions. 
The appropriate gel strips were cut out and re- 
duced with 150 mM NaC1, 50 mM Tris-HC1 pH 7.4, 
20 m~ DTT at 65°C for 15 min, placed horizontally 
on top of the second dimension 8% acrylamide gel 
and electrophoresed under reducing conditions as 
described previously [15, 29]. 
RNA ISOLATION FROM FRESHLY ISOLATED 
CHONDROCYTES 
Human epiphyseal growth plate chondrocytes 
were isolated as deseribed previously [30]. Briefly, 
the tissues were incubated for i h at 37°C in Hank's 
medium containing 2 mg/ml trypsin and 2 mg/ml 
bacterial collagenase and minced into small pieces. 
The medium was discarded and the minced tissues 
were digested overnight at 37°C in Dulbecco's 
Modified Essential Medium (DMEM) containing 
10% FCS and 0.5 mg/ml bacterial collagenase. The 
cells released by the enzymatic digestions were 
filtered through a nylon membrane onto a vessel 
containing fresh DMEM and 10~/o FCS. The diges- 
tion of the matrix prior to the extraction of RNA 
increased with the yield of RNA and reduced the 
large amounts of proteoglycans that usually inter- 
fere with subsequent analyses. The cells were col- 
lected by centrifugation, resuspended and washed 
four times with collagenase-free medium, and im- 
mediately solubilized in a buffer containing 4 M 
guanidium isothiocyanate, 5mM sodium citrate, 
0.1 M 2-mercaptoethanol and 0.5% sarkosyl. CsC12 
(1 g/2.5 ml) was added to the homogenate, which 
was layered into Beckman Quick-Seal ultracen- 
trifuge tubes containing 5.7 M CsC12 in 0.1 M EDTA, 
pH 7. Total RNA was isolated by CsC12 density 
gradient ultracentrifugation [31]. The RNA pellet 
was extracted once with phenol/chloroform 
(1:1, v/v) mixture and the aqueous phase was 
transferred to a fresh tube. RNA was precipitated 
by addition of 0.1 vol of 3 M sodium acetate buffer, 
pH 5.2, and 2.2 vol of ethanol at - 20°C for at least 
2 h. The RNA was recovered by centrifugation, 
washed with 70% (v/v) ethanol and dried 
under vacuum before being dissolved in diethyl 
pyrocarbonate-treated d ionized water. 
ISOLATION OF A CDNA FOR HUMAN TYPE X COLLAGEN 
A cDNA library was prepared from human chon- 
drocyte RNA by using an oligo(dT) primer and 
Moloney murine leukemia virus reverse transcrip- 
tase. A 360 bp cDNA clone (AR 1003) was obtained 
using PCR amplification with two oligonucleotide 
primers (5' ACA GGA ATG CCT GTG TCT 3' and 
5' CCG GAT ATG AGG AGG CTC 3') that were 
constructed based on the nucleotide sequences 
coding for the carb0xy-terminus of the avian and 
bovine type X collagen [12, 18]. 
NORTHERN HYBRIDIZATIONS 
Ten microgram aliquots of total RNA were de- 
natured in formaldehyde, lectrophoresed in 0.8% 
agarose gels, and then transferred to nitrocellulose 
filters. Human cDNAs specific for a l(II) pro- 
collagen [30], the a2 chain of type IX collagen 
(clone AR 925; A. R. Reginato et al., unpublished), 
type X collagen (clone ~ 1003, described above), 
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and a murine glyceraldehyde phosphate dehydro- 
genase (GAPDH) cDNA [32] were labeled by nick- 
translation with [~3~p]-dCTP to specific activities 
of > 108 cpm/#g DNA as described by Rigby et al. 
[33]. The filters were hybridized for 24 h in a 50% 
formamide solution and washed under high strin- 
gency conditions. Filters were exposed to X-OMAT 
AR film (Eastman Kodak, Rochester, NY, U.S.A.) 
and the relative levels of each transcript deter- 
mined by laser densitometry of underexposed auto- 
radiographs to ensure a linear correlation between 
the levels of each transcript and the intensity of 
the corresponding band. 
Results 
HISTOLOGY OF EP IPHYSEAL  AND GROWTH PLATE 
CARTILAGE SECTIONS 
Histologic examination of the tibial epiphyseal 
and growth plate cartilage sections was performed 
to ascertain the region of the growth plate from 
which the cell populations were isolated. The 
region used for the biosynthetic studies extended 
from the top of the reserve zone to the cartilage- 
metaphyseal junction, which corresponds to the 
fracture surface [bracketed section in Fig. l(a)]. 
Microscopic examination of the epiphyseal growth 
plate cartilage sections showed a normal mor- 
phology typical of that seen in post-natal growth 
plate [Figs l(b) & (c)]. The reserve zone immedi- 
ately adjacent to the epiphyseal cartilage con- 
tained small, spherical cells, which were fewer in 
number than in other zones. The cells appeared 
individually or in pairs and there was much more 
extracellular matrix separating cells from each 
other than in the other zones. The cells in the 
proliferative zone were approximately the same 
size as the cells in the reserve zone. However, they 
displayed flattened morphology and were aligned 
in columns parallel to the longitudinal axis of the 
bone. In the hypertrophic zone, the chondrocytes 
were greatly enlarged, and appeared vacuolated 
with nuclear fragmentation towards the bottom of 
the hypertrophic zone. Eventually, loss of cells 
from the lowermost lacunae was noted [Fig. l(c)]. 
SOLUBILIZATION AND CHARACTERIZATION OF NEWLY 
SYNTHESIZED COLLAGENS FROM ORGAN CULTURES OF 
HUMAN GROWTH PLATE AT WEEKS 20 AND 24 OF FETAL 
DEVELOPMENT 
Table I shows the relative effectiveness of 
the procedure for collagen extraction from human 
fetal epiphyseal growth plate cartilages at the two 
ages of fetal development. Extraction with 1.0 M 
NaC1 and 0.5 M acetic acid solutions solubilized 
more than 74~/o f the collagen at both developmen- 
tal ages. Subsequent extractions with pepsin were 
minimally effective since only an additional 9.7~/o 
and 2.0~/o f the newly synthesized collagen from 
the 20 and 24 week fetal growth plate cartilage, 
respectively, was solubilized. Treatment of the 
pepsin-resistant collagen with neutral salt-DTT 
buffer under nondenaturing conditions resulted in 
essentially complete solubilization of the remain- 
ing collagen. The DTT extracts contained greater 
than 12% of the total tissue collagen. Pepsin treat- 
ment following the DTT extraction solubilized only 
negligible additional amounts of collagen at 
the two ages. Overall, the extraction procedure 
utilized was very effective as it resulted in solubil- 
ization of greater than 98% of the newly syn- 
thesized collagen. There were no substantial 
differences in the extractabil ity of collagen from 
the tissue of the two ages. 
Figure 2 shows SDS PAGE electrophoresis under 
reducing conditions of equal volume aliquots of the 
labeled proteins present in the extracts at the two 
developmental ges. The 1.0 M NaC1 extracts [lane 
1, Figs 2(a) & (b)] showed a prominent band corre- 
sponding to ~l(II) and a small amount of co-mi- 
grating ~l(I) collagen chains. Multiple bands 
appeared immediately above the ~l(II) collagen 
chains. These bands correspond to intact chains of 
type XI collagen and to partially processed type II 
procollagens. Three additional bands migrating 
near the top of the gel were also found in these 
samples. These bands probably correspond to ~ l(II) 
collagen multimers (fl and ~ chains) and to non- 
collagenous proteins uch as fibronectin. The band 
below the ~ l(II) collagen chain corresponds to the 
~2 chain of type I collagen. The electrophoretic 
pattern of the labeled proteins solubilized with 
pepsin showed very faint bands that could be 
visualized only in overexposed fluorographs. These 
bands corresponded to pepsin-cleaved ~l(II) colla- 
gen chains [lane 2, Figs 2(a) & (b)]. Samples from 
the DTT extracts showed bands corresponding to 
pepsin-cleaved ~l(II) collagen chains, and a small 
proportion of pepsin-cleaved type XI collagen 
chains migrating immediately above [lane 3, 
Figs 2(a) & (b)]. The pepsin treatment after DTT 
extraction [lane 4, Figs 4(a)& (b)] showed very 
faint bands corresponding to pepsin-cleaved ~ l(II) 
collagen chains, and a small proportion of pepsin- 
cleaved type XI collagen chains. No major qualitat- 
ive differences in the cartilage collagens were 
observed in the extracts from tissues of the two 
fetal development stages. 
To further identify the various collagens syn- 
thesized in the organ cultures, the pepsin digested 
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FIG. 1. (a) Gross histological section of epiphyseal and growth plate cartilage from 24 week human fetal tibia 
(hematoxylin & eosin). Brackets show the region employed for biosynthetic studies. The arrow shows the groove of 
Ranvier. Scale bar: I mm. (b) Higher magnification of same specimen shown in (a) (hematoxylin and eosin). Scale bar: 
50 #m. (c) Safranin O-staining of the same specimen shown in (b). Scale bar: 50 #m. 
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Table I 
Protein and collagen biosynthesis by organ cultures of 20 and 24 week human fetal epiphyseal growth 
plate cartilage 
20 weeks 24 weeks 
Total  protein Col lagen 
(dpm x 10-3/~g DNA) 
Total  protein Col lagen 
(dpm x lO-3/~g DNA) 
Medium 55.5 + 0.3 39.4 _+ 0.4 81.7 + 0.5 63.6 + 0.4 
Extracts 
1.0 M NaC1 + 0.5 M 88.9 _ 0.8 85.7 _ 0.6 (74.2%) 130.5 _+ 0.9 130.2 _ 1.2 (84.3%) 
acetic acid 
Pepsin 13.3 +_ 1.2 11.2 _ 0.6 (9.7%) 6.1 _+ 0.7 3.1 + 0.4 (2.0%) 
DTT 19.2 _+ 0.7 17.3 _ 0.5 (14.9%) 25.9 + 0.6 18.6 _+ 0.9 (12.0%) 
Pepsin after DTT 0.4 +_ 0.1 0.3 + 0.1 (0.3%) 0.8 + 0.2 0.6 + 0.1 (0.4%) 
F inal  residue 1.5 _+ 0.4 1.1 _+ 0.3 (0.9~/o) 2.9 _+ 0.3 2.0 _ 0.4.(1.3%) 
Total in extracts + 123.3 + 3.2 115.6± 2.1 166.2 _+ 1.7 154.5 + 3.0 
final residue 
Human epiphyseal growth plate cartilage from four fetuses at each of the developmental stages was pooled, minced 
and labeled as organ cultures with 5.0#Ci [U-14C]proline for 24h as described under Materials and Methods. After 
labeling, the tissues were homogenized in 1.0M NaC1, 50 mM Tris-HC1, pH 7.4 buffer and sequentially extracted as 
previously described [15, 24]. Following dialysis, aliquots of the extracts were counted in a scintillation spectrometer 
to obtain the amount of U-14C proline incorporated into total newly synthesized protein (noncollagenous plus collagenous 
proteins). The amount of U-14C proline incorporated into newly synthesized collagen was determined in triplicate by a 
collagenase digestion assay as described by Peterkofsky and Diegelman [25]. The values shown represent mean _+ S.D. 
for three separate determinations. The numbers in parenthesis represent the relative proportion (%) of newly synthesized 
collagen from total newly synthesized collagen present in each extract. 
1.0M NaC1 ext ract  and  the  DTT  ext racts  were  
poo led ,  sub jec ted  to  d i f fe rent ia l  sa l t  p rec ip i ta t ion  
at  ac id ic  pH,  and  a l iquots  conta in ing  equa l  
amounts  of  labe led  prote ins  examined by  SDS-  
PAGE under  reduc ing  cond i t ions  [Fig. 3(a) & (b)]. 
As  expected ,  the  0.8 M NaC1 f rac t ions  conta ined  
a lmost  exc lus ive ly  peps in -d igested  (denoted  by  the  
subscr ip t  p) ~ l( I I)p co l lagen  cha ins  in  samples  f rom 
both  fe ta l  ages  [ lane 1, F ig .  3(a) & (b)]. The  1.2 M 
NaC1 f rac t ions  [ lane 2, F ig .  3(a) & (b)] conta ined  
~l(XI )p,  ~2(XI)p and  a3(XI)p and  two prominent  
bands  w i th  more  rap id  migrat ion  cor respond ing  to 
peps in -c leaved products  of  two  o f  the  cha ins  of  type  
IX co l lagen .  The  2.2 M NaC1 f rac t ions  showed the  
(a) (b) 
1 2 3 4 1 2 3 4 
al(II)-- a l ( I I ) -  
FIG. 2. SDS PAGE f luorographs of solubil ized col lagens from organ cultures of human growth plate cart i lages at weeks 
(a) 20 and (b) 24 of fetal  development. Growth plate cart i lages were cultured under condit ions described in Methods 
and labeled with 14C-proline. The newly synthesized col lagens were extracted as described in Methods. (a) 20 weeks: 
lane 1, 1.0 M NaC1 extract;  lane 2, Pepsin extract; lane 3, DTT extract; lane 4, pepsin after DTT extraction. (b) 24 weeks: 
lane 1, 1.0 M NaC1 extract;  lane 2, pepsin extract; lane 3, DTT extract; lane 4, pepsin after DTT extraction. 
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(a) 
1 
(b) 
2 3 1 
al(II)p -- 
Type IX I - -  
al(X)p -- 
j al(XI) 
- a2(XI) al(II)p - 
Type IX I~  
ai(X)p -- 
]b- 
al(XI) 
- J a2(XI) 
-~ a3(XI) 
FIG. 3. SDS PAGE fluorographs of fractional precipitation of pooled pepsin-digested 1.0 M NaC1 and DTT extracts from 
organ cultures of human growth plate cartilage at weeks (a) 20 and (b) 24 of fetal development. Electrophoresis 
was performed under reducing conditions. (a) 20 weeks: lane 1, 0.8 M NaC1; lane 2, 1.2 M NaC1; lane 3, 2.2 M NaC1. 
(b) 24 weeks: lane 1, 0.8 M NaC1; lane 2, 1.2 M NaC1; lane 3, 2.2 M NaC1. 
presence of pepsin-c leaved type XI col lagen chains 
and pepsin-der ived type IX col lagen polypept ides 
and a 45 kDa band corresponding to the pepsin- 
c leaved type X col lagen chains. The intens i ty  of 
this band was marked ly  increased in samples f rom 
t issue at  24 weeks of fetal  deve lopment  (compare 
lane 3, F igs 3(a) &(b)). In  addit ion, samples of the 
two deve lopmenta l  stages conta ined a very promi- 
nent  band with fast migrat ion  (arrowhead).  The 
nature  of the prote ins  in this band has not  been 
identified. Table  I I  shows the re lat ive propor t ion  of 
the f ract iona l ly  prec ip i tated col lagens under  
acidic condit ions f rom the pooled pepsin-digested 
1.0 M NaC1 and DTT ext racts  at  both ages. The 
most  p rominent  col lagen change was the six-fold 
increase in type X co l lagen with a concomi tant  
decrease in type I I  and type IX col lagen f rom 20 
to 24 weeks of fetal  development.  There was no 
Table II 
Relative proportion of types II, IX, X and XI collagens and steady state mRNA 
levels for the corresponding proteins in fetal human epiphyseal growth plate 
cartilage at 20 and 24 weeks of.development 
Relative proportion 
Fetal Age Type II Type IX Type X Type XI 
(weeks) Collagen Collagen Collagen Collagen 
Protein (~/o) 20 73.4 8.3 1 17.3 
24 59.2 7.6 6.1 17.1 
mRNA (ADU) 20 0.06 0.035 0.032 N/A 
24 0.054 0.020 0.084 N/A 
The relative proportion of each collagen (%) was calculated from densitometric analysis 
of fluorographs ofthe fractionally precipitated collagens. Aliquots containing ~10 000 cpm 
were electrophoresed and quantitative assessment was performed as described in Methods. 
The steady state mRNA levels for each collagen were calculated from densitometric 
analysis of Northern blots of 10 #g of total mRNA hybridized to type II, type IX, and type 
X collagen cDNAs and corrected for hybridization to GAPDH cDNA. N]A: Not assessed. 
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~l(X)p - -  
(a) (b) 
1 2 3 4 1 2 3 4 
al(X)p - -  
Fro. 4. SDS PAGE fiuorograph of fractional precipitation ofpooled pepsin-digested 1.0 M NaC1 and DTT extracts from 
organ cultures of human growth plate cartilage at 24 weeks of fetal development. (a) Nonreducing conditions: lane 
1, standard; lane 2, 0.8 M NaC1; lane 3, 1.2 M; lane 4, 2.2 M NaC1. (b) Reducing conditions: lane 1, standard; lane 2, 0.8 M 
NaC1; lane 3, 1.2 M NaC1; lane 4, 2.2 M NaC1. 
observed change in type XI collagen at the two 
fetal ages examined. 
Figure 4 shows the electrophoretic mobility of 
the fractional precipitates of the pooled pepsin- 
digested 1.0 M NaC1 extract and the DTT extract 
from 24 week cartilage under nonreducing [4(a)] 
and reducing [4(b)] conditions. No differences were 
noted in the electrophoretic mobilities of the 
al(II)p chains [lane 2, Figs 4(a) & (b)], or the three 
chains of type XI collagen [lane 3, Figs 4(a) & (b)] 
in any of the fractions. In contrast, in the 1.2 M 
NaC1 fraction, a large M r aggregate was present 
under nonreducing conditions [arrow in lane 3, 
Fig. 4(a)] which migrated as a doublet correspond- 
ing to the pepsin-derived fragments of type IX 
collagen when examined under reducing con- 
ditions [arrow heads in lane 3, Fig. 4(b)]. The 2.2 M 
NaC1 fraction [lane 4, Figs 4(a) & (b)] contained a
distinct radiolabeled protein that migrated with 
an apparent Mr of 45 kDa under nonreducing con- 
ditions, corresponding to a l(X)p chains. No 
changes were observed in the electrophoretic 
mobility of this band under reducing and non- 
reducing conditions, indicating that it contained 
nondisulfide bonded polypeptides. The absence of 
intrahelical disulfide bonds in the radiolabeled 
45 kDa Mr band was further confirmed by two- 
dimensional SDS PAGE under non-reducing con- 
ditions (1st dimension) and then under reducing 
conditions (2nd dimension) (data not shown). 
ISOLATION OF A CDNA (AR 1003) FOR HUMAN 
TYPE X COLLAGEN 
A eDNA library was constructed using an
oligo(dT) primer by reverse transcription of total 
RNA from chondrocytes i olated from human 
growth plate cartilage t 20 and 24 weeks of fetal 
development. A 360 bp eDNA (clone AR 1003) was 
obtained using PCR amplification with two oligo- 
nucleotide primers (5' ACA GGA ATG CCT GTG 
TCT 3' and 5' CCG GAT ATG AGG AGG CTC 3'), 
which were constructed based on the nucleotide 
sequences coding for the carboxy-terminus of 
the avian and bovine type X collagen [12, 18]. 
Nucleotide sequencing (notshown) revealed that 
the cDNA clone AR 1003 encoded 120 out of the 
161 amino-acid residues comprising the carboxy- 
terminal noneollagenous d main of the human 
type X c0]]agen [34]. The sequence included 12 of 
the 13 tyrosine residues, the putative N-linked 
oligosaceharide-attachment site and he single 
cysteine residue, which are all conserved in the 
carboxy-terminal noncollagenous domain in 
bovine and chick ~I(X) collagen. 
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COMPARISON OF THE STEADY STATE LEVELS OF 
mRNA FOR CARTILAGE COLLAGENS BY NORTHERN 
HYBRIDIZATION ANALYSIS 
To determine whether the marked increase in 
the biosynthesis of type X collagen from week 20 to 
week 24 of fetal development was reflected at 
the mRNA level, total RNA from freshly isolated 
chondrocytes from growth plates at both ages was 
extracted and examined by Northern hybridization 
analysis. To correct for differences in RNA load- 
ing, the same filters were hybridized with a 
Type  I I  - -  
1 2 
Type  IX  - -  
Type  X -  ! 
i:.':N 
3 g~2 N;,:" ?; 
GAPDH -- ~ 
Fro. 5. Northern hybridizations of total RNA isolated 
from 20 week (lane 1) and 24 week (lane 2) human fetal 
growth plate chondroeytes. Total RNA was isolated from 
growth plate ehondrocytes at 20 and 24 weeks of fetal 
development asdescribed in Methods and 10 p g aliquots 
were analyzed by Northern hybridization with type X 
collagen cDNA (AR 1003 clone); type II collagen cDNA; 
type IX collagen cDNA; .and murine glyceraldehyde-3- 
phosphate dehydrogenase cDNA (GAPDH). 
control cDNA (GAPDH). The results showed that 
in the 24-week-old fetal growth plate chondrocytes 
the amount of type X collagen mRNA was 
markedly increased in comparison to the 20-week- 
old fetal growth plate chondrocytes (Fig. 5). Den- 
sitometric analysis showed a nearly three-fold 
increase in type X collagen mRNA levels in 
samples from 24 week cartilage, which was 
accompanied by decreases in the steady state 
mRNA levels for type H and type IX collagen 
(Table II). 
Discuss ion  
The main objective of this study was to examine 
the biosynthesis and gene expression of type X 
collagen in human fetal epiphyseal growth plate 
cartilage. Type X collagen is a unique, developmen- 
tally regulated nonfibrillar component of the extra- 
cellular matrix of the hypertrophic zone of the 
growth plate cartilage. The expression of type X 
collagen is almost exclusively confined to cells 
isolated from the hypertrophic zone of the growth 
plate, as determined by biochemical studies [27]. 
The initiation of expression of type X collagen 
is one of the most significant changes in the 
biosynthetic program of growth plate chondro- 
cytes as they evolve from the proliferative into the 
hypertrophic stage. We have previously reported 
that type X collagen biosynthesis increases 
markedly with increasing age in organ cultures of 
the zone of presumptive calcification of embryonic 
chick sternum [15]. 
In the present study, it was found that organ 
cultures of 20- and 24-week-old human fetal growth 
plate cartilage produced considerable amounts of 
type X collagen in addition to type II, type IX and 
type XI collagens. Isolation and characterization 
of the human type X collagen showed that, in 
agreement with Kirsch et al. [21], the pepsin- 
digested human type X collagen monomers 
migrated electrophoretically with an apparent Mr 
of 45 kDa. Our results also confirmed the obser- 
vatior~s of Marriott et al. [35] that these chains do 
not contain disulfide bonds within their pepsin- 
resistant riple helical domains, since they did not 
change electrophoretic mobility under reducing or 
nonreducing conditions. This result is expected 
from the nucleotide sequence of the human type X 
collagen gene [34], which demonstrated the ab- 
sence of cysteine in the region encoding the triple 
helical domain of the molecule. The bovine is the 
only species tudied so far in which type X collagen 
contains disulfide bonds within the triple helical 
domain [18]. Studies on the rabbit [17] and chick 
[16] indicate that, in these species, type X collagen 
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does not contain disulfide bonds within the triple 
helical domain. 
Quantitative differences were found when the 
rates of type X collagen biosynthesis in growth 
plate cartilage at 20 and 24 weeks of fetal develop- 
ment were compared. A six-fold increase in type X 
collagen biosynthesis at 24 weeks was detected. In 
contrast, only slight significant changes were 
observed in the relative proportions of types H, IX 
and XI collagens. The developmental increase in 
type X collagen biosynthesis correlated with the 
corresponding steady-state mRNA levels at the 
two fetal development stages studied, as deter- 
mined by Northern hybridization analysis. These 
observations suggest that the developmental 
regulation of type X collagen gene expression 
occurs largely at a pre-translational level. How- 
ever, the mechanisms responsible for the 
striking developmental increase in both the mRNA 
levels and the biosynthesis of type X collagen 
in human fetal growth plate cartilage are not 
clear. 
The studies described here provide a qualitative 
and quantitative demonstration of the remarkable 
changes that occur in the expression of cartilage- 
specific collagens during the process of endochon- 
dral bone formation in the human epiphyseal 
growth plate cartilage. The strict topographical 
distribution of type X collagen suggests that the 
cells within the hypertrophic zone are intimately 
involved in the process of endochondral bone for- 
mation. It is generally accepted that type X colla- 
gen is associated with the process of endochondral 
ossification. However, the precise role of type X 
collagen in endochondral ossification has not been 
determined. Concomitant with the increased ex- 
pression of type X collagen during endochondral 
bone formation, increases in the number of matrix 
vesicles [9] and alkaline phosphatase activity [8] 
have been detected, and it has been proposed that 
type X collagen may interact with matrix vesicles, 
which are believed to have a role in the initiation 
of matrix mineralization [36]. Initially it was 
suggested that type X collagen may be involved in 
the initiation of matrix mineralization [7, 36], but 
this role has not been conclusively established. 
Alternatively, it has been hypothesized that type X 
collagen may focus initial mineralization to inter- 
fibrillar regions of the matrix [9, 37]. More re- 
cently, Kwan et al. [38] reported that type X 
collagen reconstituted in vitro assembled into a 
lattice structure, and suggested that this extended 
lattice could provide a structural framework for 
matrix and rqatrix vesicle interactions or direct the 
propagation of mineralization. A third hypothesis 
is that type X collagen targets epiphyseal growth 
plate cartilage for its resorption during endo- 
chondral ossification [39]. 
To date, there is increasing evidence that abnor- 
malities in the structure or expression of .type X 
collagen may be associated with heritable diseases 
affecting endochondral bone formation, such as 
chondrodysplasias, nd other diseases of cartilage, 
such as OA. Jacenko et al. [40] investigated the 
phenotypic hanges produced by the expression of 
abnormal type X collagen in transgenic mice carry- 
ing a mutated type X collagen gene. A chick type 
X collagen minigene construct was employed to 
obtain a dominant negative mutation in the trans- 
genic animals, resulting in the synthesis of type X 
collagen molecules with a truncated triple-helical 
domain, but with a normal C-terminus. The ani- 
mals displayed a severe spondylometaphyseal 
phenotype confirming the importance of type X 
collagen in the structure and function of the 
growth plate during long bone development. In- 
deed, it has recently been demonstrated that 
mutations in the gene encoding this collagen are 
present in affected individuals from several 
families with Schmid metaphyseal chondrodys- 
plasia [41-44]. Furthermore, type X collagen epi- 
topes and type X collagen mRNA have been 
detected in OA cartilage by immunohistochemistry 
[45] and by in situ hybridizations [46], respectively. 
These findings suggest he occurrence of aberrant 
differentiation from normal chondrocytes tohyper- 
trophic cells in OA cartilage. Whether the onset of 
type X collagen synthesis is a causative event 
in the degeneration of articular cartilage or is 
secondary to the disease process is not known. It 
is, therefore, important to gain further knowledge 
about the developmental regulation of expression 
of the human type X collagen gene, as this process 
may provide valuable insights into the mechanisms 
responsible for the abnormal expression of this 
important gene in OA and other pathologic on- 
ditions affecting bone and cartilage. 
Acknowledgments  
We thank Oanh Ma for assistance in the prep- 
aration of the manuscript. We also thank Dr 
Arturo Diaz for his helpful suggestions and his 
critical reading of the manuscript. C.S-R. was a 
recipient of a Jefferson Medical College Medical 
Summer Student Internship. A.M.R. is currently at 
Yale New Haven Hospital, New Haven, CT; and 
C.S.R. is currently a student at the School of 
Medicine of Lleida, University of Barcelona, 
Lleida, Spain. 
Osteoarthritis and Cartilage Vol. 3 No. 2 115 
References 
1. Brighton CT. Structure and function of the growth 
plate. Clin Orthop 1978;136:22-32. 
2. Slocum DL, Davis RM, Leger M, Conrad HE. Devel- 
opment of the tibiotarsus in the chick embryo: 
biochemical activity of histologically distinct 
zones. J Embryol Expl Morphol 1979;54:155-70. 
3. Caplan AI. Bone development. Ciba Found Symp 
1988;136:3-21. 
4. Capasso O, Gionti E, Pontarelli Get  al. The culture 
of chick embryo chondrocytes and the control of 
their differentiated function in vitro. I. Character- 
ization of the chondrocyte-specific phenotypes. 
Exp Cell Res 1982;142:197-206. 
5. Gibson GJ, Beaumont BW, Flint MH. Synthesis of a 
low molecular weight collagen by chondrocytes 
from the presumptive calcification region of the 
embryonic hick sterna: the influence of culture 
with collagen gels. J Cell Biol 1984;99:208-16. 
6. Schmid TM, Conrad HE. A unique low molecular 
weight collagen secreted by cultured chick embryo 
chondrocytes. J Biol Chem 1982;256:12444-50. 
7. Schmid TM, Linsenmayer TF. Immunohistochemical 
localization of short chain cartilage collagen 
(type X) in avian tissues. J Cell Biol 
1985;100:598-605. 
8. Vaananen HK. Immunohistochemical localization of 
alkaline phosphatase in the chicken epiphyseal 
growth cartilage. Histochemistry 1980;65:143-8. 
9. Wu LNY, Sauer GR, Genge BR, Wuthier RE. Induc- 
tion of mineral deposition by primary cultures of 
chicken growth plate chondrocytes in ascorbate- 
containing media: evidence of an association be- 
tween matrix vesicles and collagen. J Biol Chem 
1989;264:21346-55. 
10. All SY. Analysis of matrix vesicles and their role in 
the calcification of epiphyseal cartilage. Fed Proc 
1976;35:135-42. 
11. Solursh M, Jensen KL, Reiter RS, Schmid TM, 
Linsenmayer TF. Environmental regulation of 
type X collagen production by cultures of limb 
mesenchyme, mesectoderm, and sternal chondro- 
cytes. Dev Biol 1986;117:90-101. 
12. Ninomiya Y, Gordon M, van der Rest M, Schmid T, 
Linsenmayer T, Olsen BR. The developmentally 
regulated type X collagen gene contains a long 
open reading frame without introns. J Biol Chem 
1986;261:5041-50. 
13. Remington MC, Bashey RI, Brighton CT, Jimenez 
SA. Biosynthesis of a disnlfide-bonded short-chain 
collagen by calf growth plate cartilage. Biochem J 
1984;224:227-33. 
14. Grant WT, Sussman MD, Balian G. A disulfide- 
bonded short chain collagen synthesized by degen- 
erative and calcifying zones of bovine growth plate 
cartilage. J Biol Chem 1985;260:3798-803. 
15. Reginato AM, Lash JW, Jimenez SA. Biosynthetic 
expression of type X collagen in embryonic hick 
sternum cartilage during development. J Biol 
Chem 1986;261:2897-904. 
16. Schmid TM, Linsenmayer TF. Type X collagen. 
In: Mayne R, Burgeson RE, Eds. Structure and 
function of collagen types. London: Academic Press 
1987: 121-41. 
17. Remington MC, Bashey RI, Brighton CT, Jimenez 
SA. Biosynthesis of a low molecular weight colla- 
gen by rabbit growth plate cartilage organ cul- 
tures. Coll Rel Res 1983;3:271-8. 
18. Thomas JT, Kwan AP, Grant ME, Boot-Handford 
RP. Isolation of cDNAs encoding the complete 
sequence of bovine type X collagen. Evidence 
for the condensed nature of mammalian type X 
collagen genes. Biochem J 1991;273:141-8. 
19. Gibson GJ, Franki KT, Hopwood JJ, Foster BK. 
Human and sheep growth-plate cartilage type X 
collagen synthesis and the influence of storage. 
Biochem J 1991;277:513-20. 
20. Kwan AP, Freemont AJ, Grant ME. Immunoperoxi- 
dase localization of type X collagen in chick tibiae. 
Biosci Rep. 1986;6:155~2. 
21. Kirsch T, vonder  Mark K. Isolation of human type 
X collagen and immunolocalization in fetal human 
cartilage. Eur J Biochem 1991;196:575-80. 
22. Poole AR, Pidoux I. Immunoelectron microscopic 
studies of type X collagen in endochondral ossifi- 
cation. J Cell Biol 1989;109:2547-54. 
23. Labarca C, Paigen K. A simple, rapid and sensitive 
DNA assay procedure. Anal Chem 1986;102:344-52. 
24. Bashey RI, Bashey HJ, Jimenez SA. Characteriz- 
ation of pepsin-solubilized bovine heart valve 
collagen. Biochem J 1978;173:885-94. 
25. Peterkofsky B, Diegelmann R. Use of a mixture of 
proteinase-free collagenase for the specific assay 
of radioactive collagen in the presence of other 
proteins. Biochemistry 1971;10:988-94. 
26. Shimokomaki M., Duance VC, Bailey AJ. Identifi- 
cation of a new disulfide bonded collagen from 
cartilage. FEBS Lett 1980;121:51-4. 
27. Jimenez SA, Yankowski R, Reginato AM. Quantitat- 
ive analysis of type X collagen biosynthesis by 
embryonic chick sternal cartilage. Biochem J 
1986;233:357-67. 
28. Yasui N, Benya PD, Nimmi ME. Coordinate regu- 
lation of type IX and type II collagen synthesis 
during growth of chick chondrocytes in retinoic 
acid or 5-bromo-2'deoxyuridine. J Biol Chem 
1984;261:7997-8001. 
29. Bashey RI, Iannotti JP, Rao VH, Reginato AM, 
Jimenez SA. Comparison of morphological and 
biochemical characteristics of cultured chondro- 
cytes isolated from proliferative and hypertrophic 
zones of bovine growth plate cartilage. Differen- 
tiation 1991;46:199-207. 
30. Baldwin CT, Reginato AM, Smith C, Jimenez SA, 
Prockop DJ. Structure of cDNA clones coding for 
human type II procollagen. The alpha 1(1]) chain is 
more similar to the alpha 1(I) chain than two other 
.alpha chains of fibrillar collagens. Biochem J 
1989;262:521-8. 
31. Maniatis T, Fritsch EF, Sambrook J. Molecular 
cloning: A laboratory manual. Cold Spring Harbor 
Laboratory, Cold Spring Harbor, NY, 1982. 
32. Marty GL, Piecyaczyk M, Sabrouty SEI, Dani CH, 
Jeanteur PH, Blanchard JM. Various rat adult 
tissues express only one major mRNA species 
from the glyceraldehyde-3-phosphate-dehydrogen- 
ase multigenic family. Nucleic Acids Res 
1985;13:1431-42. 
33. Rigby PWJ, Dieckmann M, Rhodes C, Berg P. Label- 
ling deoxyribonucleic a id to high specific activity 
in vitro by nick translation with DNA polymerase 
I. J ]Viol Biol 1977;113:237-51. 
34. Thomas JT, Cresswell CJ, Rash B et al. The human 
116 Reginato et  al.: Type X collagen biosynthesis 
collagen X gene: complete primary translated se- 
quence and chromosomal localization. Biochem J
1991;280:617-23. 
35. Marriott A, Ayad S, Grant ME. The synthesis of type 
X collagen by bovine and human growth-plate 
chondrocytes. J Cell Sci 1991;99:641-9. 
36. Habuchi H, Conrad HE, Glaser JH. Coordinate 
regulation of collagen and alkaline phosphatase 
levels in chick embryo chondrocytes. J Biol Chem 
1985;260:13029-34. 
37. Wu LNY, Genge BR, Loyd GC, Wuthier RE. 
Collagen binding proteins in collagenase-related 
matrix vesicles from cartilage. J Biol Chem 
1991 ;266:1195-203. 
38. Kwan APL, Cummings CE, Chapman JA, Grant 
ME. Macromolecular organization of chicken 
type X collagen in vitro. J Cell Biol 
1991;114:597-604. 
39. Linsenmayer TF, Gidney E, Schmid TM. Segmental 
appearance of type X collagen in the developing 
avian notochord. Dev Biol 1986;113:467-73. 
40. Jacenko O, Lu Valle PA, Olsen BR. Spondylo- 
metaphyseal dysplasia in mice carrying a 
dominant negative mutation in a matrix protein 
specific for cartilage-to-bone transition. Nature 
1993;365:56-61. 
41. McIntosh I, Abbott NH, Warman ML, Olsen BR, 
Francomano CA. Additional mutations of type X 
collagen confirm COL10A1 as the Schmid meta- 
physeal chondrodysplasia locus. Hum Mol Genet 
1994;3:303-7. 
42. Warman ML, Abbott M, Apte SS et al. A type X 
collagen mutation causes Schmid metaphyseal 
chondrodysplasia. Nature Genet 1993;5:79-82. 
43. Wallis GA, Rash B, Sweetman WA et al. Amino acid 
substitutions of conserved residues in the car- 
boxyl-terminal domain of the a I(X) chain of type X 
collagen occur in two unrelated families with 
metaphyseal chondrodysplasia type Schmid. Am J 
Hum Genet 1994;54:169-78. 
44. Dharmavaram RM, Elberson MA, Peng M, Kinson 
LA, Kelley TE, Jimenez SA. Identification of a 
novel mutation in type X collagen in a family with 
Schmid metaphyseal chondrodysplasia. Hum Mol 
Genet 1994;3:507-9. 
45. vonder  Mark K, Kirsch T, Nerlich A et al. Type X 
collagen synthesis in human osteoarthritic carti- 
lage. Arthritis Rheum 1992;35:806-11. 
46. Hoyland JA, Thomas JT, Donn R et al. Distribution 
of type X collagen mRNA in normal and osteo- 
arthritic human cartilage. Bone Minl  Res 
1991;15:151-64. 
